Magnetically tuned emission lines from ions and atoms were utilized to determine concentrations of NO gas with high selectivity and high sensitivity. One of the Zeeman components of an emission line was shifted to exactly coincide with a single rotational-vibrational line of NO, whereas the other component was shifted away from the NO line. The coincident component indicated the extent of NO absorption and the noncoincident component measured the extent of background absorption. By making use of a differential measurement, light scattering and molecular absorption caused by coexisting small particles and gases were cancelled out. Detection limits of NO in N 2 were about 30 ppb and 150 ppb at low pressure and at atmospheric pressure, respectively.
Introduction
Nitric oxide is a necessary reagent in the photochemical reactions that are responsible for smog formation caused by emission of automobile and plant exhausts into the atmosphere. In situ detection of NO in flames is an important tool for combustion diagnostic research programs that may be important in the control of emissions. Traditionally, the detection of NO has been accomplished by oxidation to N0 2 followed by absorption into a solution containing a colorimetric reagent (1). In addition, infrared absorption spectrometry has been used. However, these techniques severely suffer from interferences caused by large concentrations of coexistent gases and do not have the capability for~ ~itu measurements or, in the case of infrared spectroscopy, do not have the sensitivity for in situ measurement.
Because of the need for highly sensitive and accurate determinations of NO, several new techniques have been developed. These include Laser Magnetic Resonance using a H 2 0 far-infrared laser (2-4), Zeemanmodulated infrared absorption using a CO laser (5), infrared optoacoustic spectroscopy with a CO laser (6) and UV absorption using a field modulated NO light source (7) .
In general, because of the differences in the values of the oscillator strengths for transitions, a measurement that depends on an electronic transition of a molecule will be more sensitive than one that depends on a vibrational-rotational transition in the infrared (IR) or far infrared (FIR) spectral region. The sensitivity of photodetectors is also better in the UV region than in the IR region. However, the spectrum due to electronic vibrational-rotational transitions in the UV is much more complicated and less selective than vibrational-rotational IR LBL-10400 -3or rotational FIR transitions. In the vast majority of cases, the rotational structures can be resolved in the IR and FIR spectrum, but not in the UV spectrum except for the case of small molecules (8). Even for small molecules, high resolution (-50,000) is required for the observation of rotational structure. Since the sharp structure that is necessary for high specificity is di icult to observe, UV spectroscopy has not been used as frequently as IR spectroscopy for the analysis of contaminants that coexist with other kinds of molecules. Table I, A block diagram of the system is shown in Fig. 1 . Figure 2 shows the construction of the light source. This light source is a modification of a magnetically confined arc lamp, described by Hadeishi, et ~ (10). The pole pieces were made of permendur and the chamber of stainless steel. Ar gas flowed through the light source at a pressure of 2-5 Torr. The cathode was made of a metal or compound that would yield the desired spectrum. To obtain a Zn spectrum, brass was used. To get Cd ion and atomic spectra, CdO powder was packed in a hole in the cathode (diameter: 3mm). When Cd hyperfine structure caused problems, a single isotope ( 114 cdO, 114 cd: 99 , prepared by Oak Ridge National Laboratory) was used. The anode was surrounded by an insulator to minimized the likelihood of discharge to the wall. Both D.C. and R.F. power were applied to the light source simultaneously (as Koizumi, et ~reported, 11). The R.F. power reduced the discharge voltage by a factor of ten, increased the stability of the discharge in the high magnetic field and decreased self absorption. The gas temperature of the discharge was directly measured utilizing a small thermocouple insulated by a thin ceramic coating. The gas temperature changed from 150° to 250° with the D.C. power, R.F. power, gas pressure and gas flow within the ranges shown in Table I . Under the mostly used condition, the gas temperature was 198°.
The pole pieces were welded to the discharge chamber ( Fig. 2) . A hole in the magnet through the pole piece and a yoke allowed the radiation to be observed in a direction parallel to the magnetic field. is observed if NO exists in the absorption cell. The frequency of this signal will correspond to the frequency of rotation of the motor. The + differential absorption between a and a components results in a output signal from the synchronous rectifier. Since the rotation speed of the polarizer is 3600 r.p.m., the signal can follow rapid changes in NO density and can correct for rapidly changing background absorption.
The signal from the synchronous rectifier was recorded on the chart with a time constant of 0.5 sec.
LBL-10400 -7-A differential type presure gauge with the accuracy of + 0.2 Torr. was used to measure the pressure in the absorption cell in the pressure range between 0.5 -110 Torr. High pressure and high purity NO and NO-N 2 mixtures were stored in a reservoir made of monel metal. Gases were carried into the absorption cell by evacuating the system.
Results and Discussion
As shown in Fig. 4a , NO exhibits sharp y bands in the UV spectral region. The transition corresponding the y band is A 2 TI -
The NO y bands were studied by a number of researchers (12) (13) (14) (15) (16) (17) (18) (19) . Under high resolution, the vibrational lines in Fig. 4a exhibit a number of narrow rotational lines, which have also been assigned (12-13). Even at N 2 pressures of one atmosphere, the rotational structure of these NO bands appears sharp (14). It is because these rotational lines are so very sharp that it has been difficult to obtain high sensitivity by making a UV absorption measurement using a continuum source. Figure 4a shows the absorption spectrum of NO bands obtained by using a o 2 lamp and a monochromator with a resolving pmver of 0.1 nm. Figure 4b showing the transition that nearly coincide with these ion and atomic lines, are shown in Fig. 5 . Naturally occurring zinc also contains several isotopes. However, the width of the 213.9 nm line due to hyperfine structure is only about 1 GHz (21). The only isotope with nuclear spin is 67 zn and its abundance is only 4.11 Therefore, it is not necesary to use a single isotope of Zn in this experiment, Figure 6 , which we shall discuss LBL-10400 (Fig. 6a ) has two components of the same circular polarization.
The other lines have a single a componet of each circular polarization.
As shown in Fig. 6 , one a component matching a NO line is used for the measurement of NO absorption while the other component is used to determine the background absorption. In this case, the separation + -1 between the a and the a components is around 2 em (60 GHz, 0.0092 at 214.4 nm).
In order to determine the conditions for maximum sensitivity, the magnetic field strength, giving the maximum differential absorption + between the a and the a components, was measured for the two ion lines and the atomic line. Figure 7 shows the relation between the strength of the magnetic field applied to the light source and the difference of intensity between + the a and a components for the Cd (II) line at 214.4 nm. A minor peak in the curve was observed at a field strength of 5.3 kG because of the presence of two components of the same circular polarization when the single isotope 114 cd was used. When natural Cd was used, the minor peak disappeared because the emission line was broadened by the hyperfine structure. A higher sensitivity could be obtained using the single isotope because the emission line is as sharp as the NO absorption line.
The highest sensitivity was obtained at 9.2 kG. This measurement was c?··ried out at low pressure so the NO absorption line was very narrow. Since the splitting of the Zeeman components is so small, it is highly probable that the background absorption will be constant over this spectral region. If other molecules in the sample show sharp rotational structure, it is highly improbable these lines will coincide with the NO line. For the Cd line at 226.5 nm, the maximum differential absorption was obtained at a field strength of 16.5 kG. The magnetic field + strengths giving the maximum difference in absorption between the a and a components for all the lines are listed in Table II . For routine analysis at near room temperature, the Cd line at 214.4 nm would be the best to use because it does not require high magnetic field.
However, for measurement at high temperatures, the Zn line at 213.9 nm should be used because the population of the J 29.5 level as determined by the Boltzmann distribution becomes maximum at 3994°C. In this situation, this line would result in a higher sensitivity than the Cd 214.4 nm line since the population of the J = 12.5 level would decrease.
Hence, the Zn line should be used for measurement in flames or other combustion systems. with the present technique. We also used a 120 em cell. By putting a lens in the cell, the noise level was almost the same as that with the 20 em cell. In this case, the detection limit was about 30 ppb, Higher sensitivity could be obtained by using a long path cell such as is used in IR spectroscopy because the Cd line can be made very intense. If oxygen is present, at room temperature, NO will react to form N0 2 . Since this compound does not produce a differential absorption signal, it is possible to measure the change of NO cencentration when air is introduced into the cell. It was also observed that a surface reaction will rapidly reduce the NO concentration at high temperature when a stainless steel cell was used instead of a quartz cell. The NO concentration rapidly decreased at temperatures about 79°C, even when there was no oxygen in the cell.
The NO signal depends upon the pressure of a foreign gas. The emission line width of Cd or Zn is less than 3 GHz, which is determined by the gas temperature of the plasma. The pressure broadening of the emission line is negligibly small because the Ar gas pressure is only a few Torr. The effective cross section for the Lorentz broadening of NO is relatively large. The line width becomes larger than 10 GHz at a foreign gas pressure of 1 atm, whereas it is only 2 GHz at less than 10 Torr at room temperature (24). Therefore, the sensitivity decreases with the foreign gas pressure. Figure 11 shows the relationship between NO absorption and the pressure of N 2 . The intensity of NO absorption in N 2 at 1 atm is about one-fourth of that in N 2 at 10 Torr. It is also possible to obtain the pressure dependence of NO absorption when 0 2 was the foreign gas. The reaction of NO with 0 2 was very slow because the NO concentration was only 20 ppm. The relation between the 0 2 pressure and the differential signal was almost the same as that when N 2 was used. Although the signal strength varies with a big change of foreign gas pressure, it should be emphasized that the differential absorption is completely free from the quenching effects that make fluorescent measurements so difficult, The present technique is also applicable to the determination of S0 2 , N0 2 and HCHO. It will be reported in the near future. 
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Oscilloscope traces of the signal from the photomultiplier and from the synchronous rectifier. 
